An extensive sequence comparison of the chloroplast ndhF gene from all major clades of the largest flowering plant family (Asteraceae) shows that this gene provides -3 times more phylogenetic information than rbcL. This is because it is substantially longer and evolves twice as fast. The 5' region (1380 bp) ofndhF is very different from the 3' region (855 bp) and is similar to rbcL in both the rate and the pattern of sequence change. The 3' region is more A+T-rich, has higher levels of nonsynonymous base substitution, and shows greater transversion bias at all codon positions. These differences probably reflect different functional constraints on the 5' and 3' regions of nduhF. The two patterns of base substitutions of nd/hF are particularly advantageous for phylogenetic reconstruction because the conserved and variable segments can be used for older and recent groups, respectively. Phylogenetic analyses of 94 ndhF sequences provided much better resolution of relationships than previous molecular and morphological phylogenies of the Asteraceae.
monophyletic and is the sister group to the rest of the family; (iii) the Cichorioideae and its two basal tribes Mutisieae and Cardueae are paraphyletic; (iv) four tribes of Cichorioideae (Lactuceae, Arctoteae, Liabeae, and Vernonieae) form a monophyletic group, and these are the sister clade of the Asteroideae; and (v) the Asteroideae is monophyletic and includes three major clades.
The chloroplast rbcL gene has been the most widely sequenced gene for phylogeny reconstruction in plants during the past decade (1, 2) . The availability of over 1000 sequences from all major plant lineages has provided valuable information for both phylogenetic and molecular evolutionary comparisons. Thus, the tempo and mode of rbcL evolution are well characterized (2, 3) compared with other plant genes. Unfortunately, the phylogenetic utility of this gene is sometimes limited to studies above the family level because of its slow evolutionary rate (2, 4, 5) . Furthermore, even above the family level, rbcL data sometimes fail to generate fully resolved and wellsupported phylogenetic trees in rapidly radiated groups (6, 7) .
For recently derived groups, rapidly evolving sequences may provide many more phylogenetically informative characters. For example, internal transcribed spacer sequences of nuclear ribosomal RNA have been used successfully at the intergeneric and interspecific levels (8) . However, this marker is often not useful at higher taxonomic levels because high divergence and length variation make sequence alignment very problematical (8) . Thus, in plants few if any genes have been shown to be appropriate for addressing phylogenetic issues in relatively young and rapidly radiated families.
We have explored the use of alternative chloroplast genes for phylogeny reconstruction in the large and relatively recent angiosperm family Asteraceae. Most chloroplast genes are either too short or too conserved to provide adequate numbers of characters in recently evolved families. A number of alternative genes have been suggested as potential candidates for phylogenetic comparisons at lower taxonomic levels (9) . The phylogenetic utility of one of these, matK, has been recently demonstrated (10) . Comparison of sequences of two chloroplast genomes (rice and tobacco), however, revealed only two genes, rpoCl and ndhF, that are considerably longer and evolve faster than rbcL (9, 11) . We selected ndhF because it is longer and evolves slightly faster than rpoCl (11) , because rpoCl has an intron that may require additional effort in DNA amplification and sequencing, and because rpoCl is variably present in angiosperm chloroplast DNAs. In the chloroplast genomes of most angiosperms, ndhF is located at one end of the small single-copy region (12) . It was identified as encoding the ND5 protein of chloroplast NADH dehydrogenase based on weak amino acid sequence identity (31%) to human mitochondrial NADH dehydrogenase (13) (14) (15) . Its transcription product was identified from tobacco (15), but not from rice (16) , even though genes from other subunits of the enzyme are actively transcribed in the rice chloroplast. The ndhF gene is 2133 bp long in tobacco (13, 17) , which is 1.5 times longer than rbcL. Amino acid sequence divergence of ndhF is 4 times greater than rbcL in comparisons between tobacco and rice (18) . Thus, the longer size and higher sequence divergence of ndhF indicate that this gene may provide many more informative characters than rbcL for phylogeny reconstruction.
The Asteraceae is an ideal family for examining rates and patterns of evolution and phylogenetic utility of ndhF sequences for three reasons. (i) It is the largest flowering plant family with -2500 genera and 30,000 species (19) . Although there is controversy concerning its age, fossil evidence indicates that the Asteraceae originated recently in the upper Oligocene (20) (21) (22) . The appearance of abundant and diverse Asteraceae pollen in the lower Miocene (22) and the large number of extant species clearly indicate that the family has experienced a recent and rapid radiation. (ii) Although the Asteraceae has been the focus of intensive phylogenetic studies during the past 10 years using both molecular (4, 23, 24) and morphological (25) (26) (27) data, the circumscription and relationships of several major clades remain unresolved. (iii) The availability of rbcL sequences for the same species of Asteraceae (4) enables direct comparisons of the phylogenetic utility and sequence evolution of this well-characterized gene with ndhF.
We have sequenced ndhF from 89 species of Asteraceae and from 5 species from related families. lThe sequences reported in this paper have been deposited in the GenBank data base (accession nos. L39373-L39467).
10379
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. more, we demonstrate that ndhF has excellent potential for resolving phylogenies within and among plant families that have experienced recent and rapid radiation.
MATERIALS AND METHODS
Eighty-nine species representing all tribes and major clades of the Asteraceae were selected for comparative sequencing of the ndhF gene. Five species were also selected as putative outgroups and sister groups from closely related families (25, 26) . Genomic DNA was isolated using hexadecyltrimethylammonium bromide extraction methods (28) .
A 3.6-kb recombinant plasmid (29) containing the entire region of the lettuce ndhF gene was subcloned into M13 and pBluescript vectors and sequenced using universal (United States Biochemical) and some specific ndhF primers (see below). The lettuce ndhF sequence was aligned with sequences from tobacco (13, 17) and rice (30 Largely overlapping sequences were generated for the forward strand using at least 12 forward primers. Sequences for the reverse strand for 11 species were confirmed using up to 8 primers, but this was unnecessary in most cases because of the high degree of overlap of the forward primers.
Both DNA and amino acid sequences were aligned using the PILEUP program of the Genetics Computer Groups package in a UNIX computer system, and some gaps were manually adjusted. Numbers of synonymous (Ks), nonsynonymous (Ka), and total (Ko) substitutions (31) were calculated using MEGA (32) . Transition (Ts)/transversion (Tv) ratios and G+C content were calculated using MACCLADE (33) . We performed the same statistical analyses for rbcL data (4) to compare the evolutionary parameters of ndhF to rbcL.
Phylogenetic analyses were performed on the 94 taxon ndhF data matrix and on a reduced matrix that included the 28 species for which both rbcL and ndhF sequences were available. Synapomorphic gaps were removed from the ndhF data matrix before phylogenetic analyses. All parsimony analyses were performed with the heuristic search option with equal weighting of characters using PAUP (34) . Equally parsimonious tree islands (35) were searched for by using 1000 random sequence additions with MULPARS on, STEEPEST DESCENT on (500 replications) and off (500 replications), and TBR branch swapping. Bootstrap analysis (36) was also performed to evaluate the degree of support for internal branches using 300 replicates with simple sequence addition, MULPARS off, STEEPEST DESCENT off, and TBR branch swapping. The Ts/Tv ratio was similar for ndhF and rbcL; however, there were substantial differences in this ratio between the 5' and 3' regions of ndhF. Furthermore, the Ts/Tv ratio differed markedly at the third codon position between the two regions of ndhF. The Ks value was slightly higher in ndhF than that in rbcL, and that difference can be attributed largely to the 3' region of ndhF. In contrast, Ka in ndhF was almost twice as high as that in rbcL. Again, the different Ka values between two genes were primarily due to the 3' region of ndhF. The Ka value in the 3' region of ndhF was 5.5 times greater than that in the 5' region and 4 times higher than that in rbcL. There were also substantial differences in base composition between the two genes ( Table 1 ). The G+C content in rbcL was 43 .7% and shows a more balanced A+T/G+C ratio. In contrast, the ndhF gene was A+T-rich, with a G+C content of only 32.4%.
RESULTS
Within ndhF, the 3' region showed a greater A+T bias (72%) than the 5' portion (65%).
Length Variation in ndhF. The length of ndhF ranged from 2211 bp in Calendula to 2271 bp in Blennosperma. Gene lengths of 2235 and 2226 bp occurred in the majority (76%) of Asteraceae. A length of 2235 bp occurred commonly in the Barnadesieae, Mutisieae, and Cardueae, whereas a length of 2226 bp was most frequently encountered in other tribes. Length variation of ndhF was due to insertions/deletions (indels) in the first 500 bp of the 3' region and near the stop codon of the gene. In contrast, length variation was only encountered near the stop codon of rbcL (4). The 94 aligned ndhF sequences required seven insertions and nine deletions in the middle of the gene, and most of these were concentrated between coordinates 1400 and 1600 bp. The indels were short (3, 6, and 9 bp), and all were in-frame. Only two indels were phylogenetically informative at or above the tribal level. A 9-bp deletion at coordinate 1494 was shared by members of the tribe Calenduleae, and a second 9-bp deletion at coordinate 1717 defined a major tribal clade of Asteraceae (Fig. 2 ). There were 27 additional indels near the stop codon. Some of these were shared among closely related genera; however, none were phylogenetically informative at the intertribal level.
Phylogenetic Analysis ofndhF Sequences. To investigate the differences in levels of homoplasy and tree topology between the two regions of ndhF, we conducted phylogenetic analyses for each region of the gene with a 28-taxon data matrix. The 5' and 3' regions showed similar levels of homoplasy ( Table 1) . Combined ndhF and rbcL data generated the same two tree topologies as that produced by ndhF alone. Furthermore, the strict consensus tree for 28 ndhF sequences showed the same major clades as the 94 taxon tree (Fig. 2) .
The ndhF data matrix for 94 taxa consisted of 2238 sites, including 1031 variable and 575 synapomorphic positions. A heuristic search with TBR branch swapping and a single entry of taxa identified more than 7000 equally parsimonious trees of 3247 steps and a consistency index of 0.467. Additional parsimony analyses with 1000 random entries of taxa failed to find shorter trees. Seventeen seeds of the 1000 entries found an additional 17,000 equally parsimonious trees with 3247 steps. Condensation of all equally parsimonious trees (7000 + 17,000) from the two analyses resulted in 8235 unique trees. In spite of the large number of equally parsimonious trees, the strict consensus tree provided excellent resolution of the major clades of the Asteraceae, and many of these are supported by high bootstrap values (Fig. 2) . DISCUSSION Evolution of ndhF. The 5' region of ndhF showed evolutionary patterns similar to those of rbcL (Table 1 ). In contrast, the 3' portion of ndhF was substantially different from the 5' region in a number of features, including higher A+T content, Tv-biased base substitutions, and an increased Ka. Most chloroplast genes show Tv bias at the first and second codon positions, whereas Ts predominate at the third position (2). In the 3' portion of ndhF, however, all three codon positions showed similar levels of Tv bias. This pattern is not due to multiple substitutions at the third position because the amount of homoplasy was very similar at all codon positions. Similar patterns of Tv bias in ndhF (Table 1 ) may reflect unbiased codon utilization among codon positions. More than 50% of the changes on the ndhF tree occurred in first and second codon positions, which are more likely to result in amino acid substitutions. This indicates that the 3' region of ndhF may have experienced a more relaxed selection pressure. Thus, the distinct evolutionary patterns in the 5' and 3' portions of ndhF probably reflect differential functional constraints on the gene. Unfortunately, we cannot confirm a relationship between sequence evolution and functional aspects of the gene product because the three-dimensional protein structure of ndhF is unknown. The 3' region of ndhF also exhibits a high frequency of indels, which also indicates relaxed evolutionary constraints. Most of these indels are associated with short direct repeats of 3, 6, and 9 bases, suggesting that slipped-strand mispairing events during replication are the primary contributing factors (38) .
Phylogenetic Utility of ndhF. The ndhF gene provides more phylogenetic information in the Asteraceae than rbcL because it is longer and one portion of it evolves more rapidly. Two recent phylogenetic studies in the angiosperm families Solanaceae (39) and Acanthaceae (40) also indicated that ndhF has more useful phylogenetic information than rbcL, even with limited taxon sampling. One concern with the use of fastevolving sequences for phylogeny reconstruction is that phylogenetic information accumulated during radiation may be destroyed by multiple substitutions at the same sites. As a result, homoplasy is likely to increase, and it may eventually overwhelm the phylogenetic signal (41) . Two factors indicate that this is not the case for our ndhF data. First, homoplasy in the 3' region of ndhF is lower than that of rbcL and nearly identical to that of the 5' region of ndhF. The gl statistic, which provides a measure of the amount of phylogenetic signal (37) , shows that the 3' region of ndhF has more signal than either rbcL or the 5' region of ndhF. Second, the tree topology based on only the 3' portion of ndhF is congruent with previous molecular (4, 23) and morphological (25) (26) (27) trees for the Asteraceae. Thus, we believe that the 3' region of ndhF provides useful phylogenetic information.
Circumscription and Relationships of Major Clades of Asteraceae. The Asteraceae has been subjected to extensive phylogenetic studies using both molecular (4, 23, 24) and morphological (25) (26) (27) characters. In many cases, both DNA and morphological data support the recognition of the same clades. Several taxonomic conflicts still remain, and a number of outstanding phylogenetic issues were not addressed by previous analyses. Our ndhF data represent the most extensive sampling of the Asteraceae at the higher taxonomic levels. Thus, the comprehensive taxon sampling combined with the large number of phylogenetically informative characters in ndhF provides compelling evidence for higher level relationships in the family. Phylogenetic relationships suggested by the ndhF tree can be grouped into three categories: (i) relationships not suggested by earlier studies, (ii) resolution of current controversies, and (iii) additional support for previous hypotheses of relationships.
Calyceraceae is the sisterfamily ofAsteraceae. Several families have been suggested as the sister family of the Asteraceae (25, 26) . Recent morphological (25) and molecular studies (42) have narrowed down the possible sister groups to two families, the Calyceraceae and Goodeniaceae. The Calyceraceae forms a monophyletic group with the Asteraceae in the ndhF tree (Fig. 2) . Expanded ndhF analyses, which include most major lineages of higher dicots, strongly support the sister group relationship between Calyceraceae and Asteraceae (unpublished results). This is the first phylogenetic tree to strongly suggest that the sister group of Asteraceae is the Calyceraceae. A previous rbcL tree (42) suggested that the Goodeniaceae and Calyceraceae are equally probable as sister groups to the Asteraceae. Our data are congruent with morphological hypotheses using both pollen and floral characters (20, 43) .
Recognition of basal clades of Asteraceae. The first major clade of Asteraceae in the ndhF tree is composed of the Barnadesioideae. The basal position of this group was first suggested based on the lack of a 22-kb chloroplast DNA inversion (24) . Morphological (25) , chloroplast DNA restriction site (44) , and rbcL (4) data supported a basal position for this subfamily. Our ndhF data also strongly support the basal dichotomy of the Barnadesioideae and the rest of the family. In addition, the ndhF tree indicates that the Mutisieae and Cardueae form paraphyletic assemblages near the base of the family (Fig. 2) . The paraphyly of the Mutisieae is in agreement with recent morphological cladograms (27) . The Cardueae is sometimes divided into the four subtribes, Carlininae, Echinopsidinae, Carduinae, and Centaureinieae (26) . The first two subtribes are more closely related to the members of Mutisieae than to the Cardueae in the ndhF tree (Fig. 2) , supporting previous suggestions that the Cardueae should be divided into more than one tribe (45) .
Paraphyly ofthe Cichorioideae. The Cichorioideae traditionally includes the six tribes Mutisieae, Cardueae, Lactuceae, Arctoteae, Vernonieae, and Liabeae (26) . Morphological data (25, 27) indicated that this subfamily is paraphyletic, whereas chloroplast DNA data (4, 23) weakly supported its monophyly. The ndhF tree (Fig. 2 ) strongly supports the morphological data in confirming the paraphyly of the Cichorioideae. The classification of this subfamily remains unresolved, but clearly additional subfamilies will have to be erected to accommodate the diverse tribes of the Cichorioideae. The Lactuceae, Arctoteae, Liabeae, and Vernonieae (LALV) of the Cichorioideae form a monophyletic group, and this clade is strongly supported as the sister group of the Asteroideae (nine characters with 100% bootstrap value). In addition, all members of the LALV-Asteroideae clade share a 9-bp deletion at coor-dinate 1770 bp of the ndhF gene (Fig. 2) , which provides additional support for its monophyly. Even though the ndhF tree is in agreement with morphological trees (27) with respect to the paraphyly of the Cichorioideae, phylogenetic relationships among the tribes are somewhat different from the morphological cladograms. For example, ndhF data provide modest support (three characters, 66% bootstrap value) for the monophyly of the LALV tribes, which form the sister group of the Asteroideae, while morphological trees (27) suggest that they are paraphyletic.
MonophyleticAsteroideae has three clades. Monophyly of the Asteroideae has been suggested by both morphological (25) and molecular (4, 23) data. More recent morphological cladograms cast some doubt on the monophyly of the Asteroideae (46) . All molecular trees (4, 23) consistently indicate the monophyly of the subfamily. The ndhF tree (Fig. 2) strongly supports the monophyly of the Asteroideae (nine characters and 100% bootstrap value). The ndhF tree also provides better resolution of tribal relationships in the Asteroideae than heretofore presented. Three major clades are suggested: (i) the Senecioneae; (ii) the Gnaphalieae, Calenduleae, Anthemideae, and Astereae; and (iii) the Inuleae, Athroisma group, and Heliantheae sensu lato including the Helenieae, Coreopsideae, Eupatorieae, and Tageteae. Two novel relationships in the Asteroideae are apparent in the ndhF tree. First, a close relationship between the Inuleae (including Plucheeae) and Heliantheae sensu lato has not been suggested by previous workers. Our ndhF tree strongly places two former genera of Inuleae, Blepharispermum andAthroisma, into an intermediate position between these tribes. These two genera, along with a third genus Leucoblepharis (not sequenced), are traditionally grouped together in the Inuleae. However, these genera were excluded from the Inuleae (47) and placed in the subtribe Ecliptinae of Heliantheae (48) because of a number of putative synapomorphies, including carbonized achene walls and glandular apical anther appendages. Our ndhF data do not support the placement of these genera in the Ecliptinae but instead suggest that they should be a sister group to Heliantheae sensu lato. Second, the Gnaphalieae is positioned in clade 2 of the Asteroideae, although its relationships were not fully resolved. The ndhF tree agrees with morphological studies (47) that segregate the Gnaphalieae from the Inuleae.
In summary, ndhF sequence comparisons have provided important insights into the evolution and phylogenetic utility of this gene. The gene shows two distinct patterns of evolution. The first 1380 bp in the 5' region of ndhF are highly conserved in length and pattern of base substitution and thus are quite similar to rbcL. In contrast, the 855 bp at the 3' end are clearly under more relaxed functional constraints as evidenced by the presence of indels, higher A+T base composition, nearly identical transversion bias at all three codon positions, and more than 4 times as many nonsynonymous substitutions than the 5' portion. These two patterns of sequence evolution make ndhF an excellent phylogenetic marker at a wider range of taxonomic levels than rbcL. For comparisons of more divergent taxa, the 5' region of the gene can be utilized, whereas studies of more recently diverged groups could focus on the 3' region of ndhF. Phylogenetic analyses of ndhF in the Asteraceae indicate that this gene provides -3 times as many informative characters as rbcL. Thus, ndhF is well suited to address phylogenetic questions in angiosperm families that are young and have experienced rapid radiation.
